Complex I of the mitochondrial respiratory chain is a large multisubunit enzyme that assembles from nuclear and mtDNA-encoded components. Several complex I assembly factors have been identified, but their precise functions are not well understood. Here, we have investigated the function of one of these, NDUFAF7, a soluble matrix protein comprised of a DUF185 domain that harbors a methyltransferase motif. Knockdown of NDUFAF7 by siRNA in human fibroblasts produced a specific complex I assembly defect, as did morpholino-mediated knockdown of the zebrafish ortholog. Germline disruption of the murine ortholog was an early embryonic lethal. The complex I assembly defect was characterized by rapid, AFG3L2-dependent, turnover of newly synthesized ND1, the subunit that seeds the assembly pathway, and by decreased steady-state levels of several other structural subunits including NDUFS2, NDUFS1 and NDUFA9. Expression of an NDUFAF7 mutant (G124V), predicted to disrupt methyltransferase activity, impaired complex I assembly, suggesting an assembly factor or structural subunit as a substrate for methylation. To identify the NDUFAF7 substrate, we used an anti-ND1 antibody to immunoprecipitate complex I and its associated assembly factors, followed by mass spectrometry to detect posttranslational protein modifications. Analysis of an NDUFAF7 methyltransferase mutant showed a 10-fold reduction in an NDUFS2 peptide containing dimethylated Arg85, but a 5-fold reduction in three other NDUFS2 peptides. These results show that NDUFAF7 functions to methylate NDUFS2 after it assembles into a complex I, stabilizing an early intermediate in the assembly pathway, and that this function is essential for normal vertebrate development.
INTRODUCTION
NADH ubiquinone oxidoreductase (complex I) is the first complex of the oxidative phosphorylation system (OXPHOS). It catalyzes the oxidation of NADH and couples this to the translocation of protons from the mitochondrial matrix to the mitochondrial intermembrane space, contributing to the generation of a proton gradient that drives ATP production by complex V. Mammalian complex I is composed of 44 structural subunits, seven of which are encoded by the mitochondrial genome. It harbors the electron acceptor flavin mononucleotide and seven-iron sulfur clusters. Complex I has an L-shaped structure with a hydrophobic domain embedded in the inner mitochondrial membrane and a hydrophilic arm protruding towards the mitochondrial matrix.
Deficiencies in complex I account for 40% of patients with OXPHOS disorders, whose incidence is 1:5000 live births (1, 2) . These disorders are generally of early onset with severe phenotypes that result in early fatality (3) .
The assembly of complex I initiates with the formation of a membrane intermediate containing the mitochondrial ND1su-bunit and a soluble subassembly of 200 kDa containing the nuclear subunits NDUFS2, NDUFS3, NDUFS7, NDUFS8 and NDUFA9. These two early assembly intermediates form a membrane-anchored subcomplex of 315 kDa (4) that nucleates the assembly of the holo-complex in a step-wise manner (5, 6 ). This process is orchestrated by nuclear-encoded assembly factors that include NDUFAF1-6, ACAD9, FOXRED1, NUBPL, ECSIT, AIF and TMEM126B; however, the fact that * To whom correspondence should be addressed at: Montreal Neurological Institute, 3801 University Street, Montreal, QC, Canada H3A 2B4. Tel: +1 5143981997; Fax: +1 5143981509; Email: eric@ericpc.mni.mcgill.ca 40% of complex I deficient patients have no mutations in the structural subunits, makes it likely that additional assembly factors remained to be identified.
NDUFAF7 was identified as a nuclear-encoded mitochondrial protein with a putative role in complex I biogenesis using a genome subtraction strategy (7) and phylogenetic profiling (8, 9) . It is a protein of broad taxonomic distribution, conserved from bacteria to mammals, that contains a PFAM domain of unknown function, DUF185 (10) . In silico analysis using the COMPASS (Comparison of Multiple Protein Alignments with Assessment of Statistical Significance) platform identified a shared conserved region named motif I, which is present in RNA methylases with an S-adenosyl-L-methionine (SAM)-dependent methyltransferase fold (11) . Additionally, structural modeling and biochemical characterization of NDUFAF7 homolog MidA of the slime mold Dictyostelium discoideum suggests that human NDUFAF7 methyltransferase domain is functionally relevant for complex I biogenesis (12) .
Here, we have investigated the function of NDUFAF7 and show that it is an arginine methyltransferase essential for complex I biogenesis and embryonic development.
RESULTS

NDUFAF7 is a soluble mitochondrial matrix protein
We initially identified NDUFAF7 using a yeast genome subtraction strategy to identify putative complex I assembly factors (7), a result confirmed by phylogenetic profiling (9, 13) . NDUFAF7 has 10 exons and 13 predicted transcript variants; however, only variants 1 and 4 are predicted to be translated into polypeptides of 49 and 38 kDa. An RT-PCR experiment in human fibroblasts identified two transcripts of 1.3 and 1.0 kb (Fig. 1A) . A schematic of the structure of the two isoforms is shown in Supplementary Material, Figure S1 . Both isoforms are also detected by immunoblot analysis (Supplementary Material , Fig. S2) ; however, we focused our studies on the long isoform. The long NDUFAF7 isoform encodes a 441 amino acid protein with a predicted mitochondrial targeting sequence. Immunofluorescence experiments on fibroblasts expressing NDUFAF7-HA showed that the protein was exclusively localized to the mitochondrial compartment (Fig. 1B) , as had been previously reported (14) , and this was confirmed by subcellular fractionation experiments (Fig. 1C) . To determine whether NDUFAF7 was associated with mitochondrial membranes, purified mitochondria were extracted with alkaline carbonate. NDUFAF7 behaved like SDHA, a subunit of complex II, a peripherally associated mitochondrial protein, and not like the mitochondrial AAA+ protease AFG3L2 or the structural subunit of complex IV, COX2, both of which are integral inner mitochondrial membrane proteins (Fig. 1D ).
NDUFAF7 is essential for complex I assembly
To investigate the function of NDUFAF7, we transiently knocked it down for 6 days using siRNA duplexes specifically targeted to the NDUFAF7 mRNA (NDUFAF7-siRNA-1 and siRNA-2). Immunoblot analysis showed decreased levels of NDUFAF7 protein using both siRNAs ( Fig. 2A) . To assess the steady-state levels of each of the five complexes of the OXPHOS, we performed a Blue Native PAGE (BN-PAGE) analysis on the knockdown cell lines (Fig. 2B) . Fully assembled complex I was severely depleted in both cell lines, whereas the other OXPHOS complexes were unaffected. The NDUFAF7-siRNA-2 cell line was assayed by BN-PAGE and SDS-PAGE every day for 10 days to investigate the relationship between complex I assembly deficiency and the steady-state level of NDUFAF7 (Fig. 2C ). This analysis showed that complex I re-assembled shortly after the recovery of NDUFAF7 at Day 5, demonstrating that its assembly depends on NDUFAF7.
NDUFAF7 is an early complex I assembly factor
To investigate whether NDUFAF7 is organized as a higher molecular-weight complex, we performed 2D-SDS-PAGE experiments in control fibroblasts (Fig. 3A) . NDUFAF7 was detected at 50 kDa, corresponding to its monomeric molecular weight, indicating that the majority of NDUFAF7 does not associate with a complex I subassembly. NDUFS2, a nuclear-encoded structural subunit of complex I that is required in the first steps of complex I assembly pathway was immunodetected in 200, 315 and 370 kDa complex I subassemblies (re-estimates of the sizes of these subcomplexes in (4) and in the fully assembled 980 KDa complex). To further explore a possible relationship between NDUFAF7 and complex I assembly intermediates, we analyzed a sucrose density gradient using an NDUFAF7 overexpressing cell line (Fig. 3B) . Immunoblot analysis detected NDUFAF7 in fractions 1-5 and 7-10. Two complex I subunits, NDUFS2 and ND1, showed a peak in fractions 10 and 11, suggesting that some fraction of NDUFAF7 might interact with a complex I subassembly. Immunoprecipitation of the ND1 subunit from isolated mitochondria, followed by mass spectrometry analysis of chymotryptic peptides, identified NDUFAF7 (in addition to the majority of structural subunits and other assembly factors), further supporting a stable association with a subcomplex containing ND1 (data not shown).
NDUFAF7 knockdown decreases ND1 pulse labeling
To test whether NDUFAF7 has a role in the translation of mt-DNA encoded polypeptides, control, NDUFAF7 over expressing (NDUFAF7-OE) and NDUFAF7-siRNA-2 cell lines were pulse-labeled labeled with [
35 S]methionine/cysteine in the presence of emetine to inhibit cytosolic translation (Fig. 4A) . The knockdown of NDUFAF7 consistently resulted in an 80% decrease in the labeling of the ND1 subunit of complex I, whereas the labeling of all other complex I subunits (ND subunits) as well as subunits of complexes III (cyt b), IV (COX subunits) and V (ATP subunits) appeared normal. Northern blot analysis showed that the pulse translation phenotype observed in the NDUFAF7 knockdown was not due to an alteration in the steady-state levels of the ND1 transcript. In fact, ND1 mRNA levels were slightly increased compared with controls, and none of the other mitochondrial mRNAs tested were significantly different than in controls (Supplementary Material, Fig. S3 ).
To further investigate the apparent translation phenotype observed in the NDUFAF7-siRNA-2 knockdown, cells were pulse labeled with a [
35 S]methionine/cysteine mix for 15, 30 and 60 min, and then chased for 10 min (Fig. 4B) . The NDUFAF7 knockdown caused a very severe ND1-labeling defect at early time points (15 min) compared with control; however, the labeling rate of the other 12 mtDNA-encoded polypeptides remained unaffected, indicating that the effect is specific to ND1 (Fig. 4C) .
ND1 is rapidly degraded in NDUFAF7 knockdown
To directly test whether the pulse-labeling phenotype observed in NDUFAF7-siRNA-2 was due to decreased synthesis or to rapid degradation of the ND1 polypeptide, we depleted the mitochondrial inner membrane protease AFG3L2 and the mitochondrial soluble protease LONP1 by siRNA in the background of the NDUFAF7 knockdown. The proteases and NDUFAF7 were knocked down using siRNAs for 2 and 6 days, respectively, followed by a pulse translation experiment (Fig. 5) . Depletion of AFG3L2 (NDUFAF7-siRNA-2+-AFG3L2-siRNA) completely rescued ND1-labeling defect, whereas depletion of LONP1 showed only a partial rescue. These results demonstrate that the decrease in ND1 labeling in the pulse translation experiment is the result of rapid proteolysis of the ND1 subunit, largely mediated by AFG3L2.
The methyltransferase motif I is necessary for NDUFAF7 function
Modeling and biochemical analysis performed on a mutant (G170V) in the DUF185 domain of MidA, the D. discoideum NDUFAF7 ortholog, suggested that the protein is an SAMbinding methyltransferase (12) . To test this hypothesis in human cells, we generated a fibroblast cell line (PGS1) in which we expressed a construct containing a G124V mutation corresponding to the first glycine on motif I. Site-directed mutagenesis was used to generate two synonymous mutations in the vector expressing the G124V mutant, rendering it insensitive to NDUFAF7-siRNA-2. This strategy allowed us to selectively knockdown endogenous, wild-type NDUFAF7, while expressing the mutant (Fig. 6A ). Immunoblot analysis of the NDUFAF7-siRNA-2 and PGS1-siRNA-2 cell lines showed nearly identical phenotypes: the steady-state levels of subunits ND1, NDUFS2 and NDUFA9 were severely reduced in both, whereas the large ribosomal subunit MRPL14 remained unaffected (Fig. 6B) . A mitochondrial pulse translation experiment showed that ND1-labeling defect was reproducible in the PGS1-siRNA-2 cell line (Fig. 6C ).
To further characterize the PGS1-siRNA-2 cell line, we performed a sucrose density gradient analysis (Fig. 7) . While the majority of NDUFAF7 fractionated near the top of the gradient, a small amount was detectable in fraction 10 together with NDUFS2 and ND1, supporting the idea that some NDUFAF7 associates with a complex I intermediate.
Mass spectrometry analysis of PGS1 knockdown cell line
Taken together, the above data suggested that human NDUFAF7 acts as a protein methyltransferase whose substrate is a structural subunit or an assembly factor of complex I. In silico prediction (http://www.bioinfo.bio.cuhk.edu.hk/bpbppms/intro.jsp) together with pull-down experiments in Dictyostelium using the N-terminal fragment of NDUFS2-GST and cell extracts from MidA-GFP demonstrated that these two proteins interact, suggesting NDUFS2 as a putative NDUFAF7 substrate (12) . Moreover, recent mass spectrometry data using 143B-cell line reported that NDUFS2 is dimethylated on R85, mediated by NDUFAF7 (14) .
To identify NDUFAF7 substrates, we assessed the methylation profile of the PGS1-siRNA-2 fibroblast cell line following immunoprecipitation with an anti-ND1 antibody. This strategy allowed us to immunoprecipitate holo-complex I and several associated assembly factors (Supplementary Material, Table S1 ). Mass spectrometry analysis of the tryptic peptide KCDPHIGLLHRGTEK confirmed that Arg85 (numbered from the first amino acid in the mature, processed peptide) of NDUFS2 is symmetrically dimethylated in the control PGS1, but 10.6-fold less in the PGS1 knockdown cell line (Supplementary Material, Fig. S4 ; Table 1 ). As expected, all complex I structural subunits identified in the mass spectrometry analysis, including NDUFS2, were markedly reduced in the PGS1-siRNA-2 cell line. However, the relative abundance of two peptides in NDUFS1, one peptide of ND1, and three other peptides in NDUFS2 was reduced only 5-fold compared with control (Table 1) . From these data, we conclude that a fraction of the NDUFS2 subunit is unmethylated in assembled complex I (or more likely in an assembly intermediate), in cells expressing the G124V NDUFAF7 mutant protein.
Early defects in complex I assembly results in depletion of NDUFS2
In the earliest stages of complex I assembly, the soluble subunit NDUFS2 and the membrane subunit ND1 form an 200 kDa subcomplex in the inner mitochondrial membrane. Early assembly defects result in the rapid degradation of the ND1 subunit and, as a concomitant effect, rapid turnover of many of the other complex I structural subunits (15) (16) (17) . To confirm that the early complex I assembly defect resulting from NDUFAF7 depletion is a general phenomenon, we transiently depleted it in human fibroblasts (MCH64), 143B and HEK293 cell lines for 3 or 6 days, and examined the steady-state levels of different complex I subunits by immunoblot analysis (Fig. 8A) . The levels of the NDUFS2 and NDUFA9 subunits were severely depleted in all three of these cell lines after 6 days of knockdown. Knockdown of two additional early assembly factors, NDUFAF3 or NDUFAF4, for 6 days similarly showed markedly reduced steady-state levels of both structural subunits (Fig. 8B ). 
Knockout of NDUFAF7 in mice is embryonically lethal
An NDUFAF7 germline knockout mice was generated by the gene trapping method. Heterozygous animals were crossed and progeny were genotyped by multiplex PCR (Fig. 9) . One month after birth, no homozygous knockout animals were detected. To further investigate the NDUFAF7 knockout phenotype, embryos were harvested at embryonic Day 10.5. All genotyped embryos were either heterozygous or homozygous wild type. Finally, the NDUFAF7 knockout lethality phenotype was assessed at the blastocyst stage. Out of the 12 embryos analyzed, three were homozygous recessive, corresponding to the expected Mendelian segregation ratio (Fig. 9C ).
NDUFAF7 knockdown in zebrafish impairs complex I assembly
Considering that complex I is highly conserved in vertebrates, we decided to knockdown NDUFAF7 in the fish Danio rerio (zebrafish) using the morpholino (MO) microinjection technique. To modify NDUFAF7 mRNA splicing, we used two MO targeted to exon 3 and 6. RT-PCR analysis was performed to assess the mRNA levels of NDUFAF7 in nine MO-treated animals (Fig. 10A) . At 3 days of knockdown, some variability was observed in NDUFAF7 transcripts levels but by 6 days of knockdown all tested animals were homogenously depleted of NDUFAF7 mRNA. As a control for RNA quality, we measured the mRNA levels of the nuclear-encoded subunit of complex I, NDUFA9, which were unchanged. BN -PAGE analysis showed that NDUFAF7 knockdown specifically affects the steady-state levels of complex I (Fig. 10B) . Hatching was delayed in the majority of the MO-treated fish, and most showed morphological abnormalities compared with control animals (Fig. 10C) .
DISCUSSION
The results presented here clearly establish NDUFAF7 as an evolutionarily conserved complex I assembly factor that is necessary for normal vertebrate development. Disruption of the zebrafish ortholog resulted in delayed hatching times and morphologically abnormal fish; a germline disruption of the murine gene was embryonic lethal. Although we were able to detect blastocysts with a homozygously disrupted gene in mice, we found no evidence for embryos with this genotype at E10.5, suggesting that it may be essential for implantation or very early embryogenesis.
Previous studies of NDUFAF7 and of MidA, the Dictyostelium ortholog (12, 14) implicated the human protein in complex I assembly, as had been suggested from studies using phylogenetic profiling to identify factors associated with the expression of complex I (9, 13). The siRNA-mediated knockdown of NDUFAF7 to nearly undetectable levels in human fibroblasts completely abrogated complex I assembly, and the reappearance of the protein was associated with re-assembly of the complex, confirming it is an essential assembly factor. All of our experiments focused on the long isoform of NDUFAF7, and it is possible that the short isoform, which was also targeted by the siRNAs we used, interacts or modifies the function of the long isoform in some way, or even has a different substrate specificity, but this will require further investigation.
NDUFAF7 has a DUF185 domain containing a small region of identity with motif I of SAM-dependent methyltransferases. Motif I is one of the four loops that form the catalytic core of SAM-binding methyltransferases and it has a nine residue consensus sequence: hh (D/E) hGxGxG (18) . In this study, we used site-directed mutagenesis to generate a G124V point mutation in the glycine-rich 'GxGxG' signature sequence. Biochemical characterization of this mutant cell line (PGS1 knockdown) demonstrated that G124 is required for NDUFAF7 function, indicating that the methyltransferase activity of NDUFAF7 is required for its function in complex I assembly.
SAM-dependent methyltransferases have a wide range of substrates including DNA, RNA and proteins; however, there is no consensus sequence/structure in SAM-methyltransferases that might permit accurate prediction of their substrates (19) . We saw no evidence for impaired mitochondrial transcription or translation after knockdown of NDUFAF7, making it unlikely that NDUFAF7 was responsible for methylating a nucleic acid Figure 7 . Sucrose gradient sedimentation analysis of cell lines expressing G124V NDUFAF7. Sucrose density gradient sedimentation analysis of PGS1 and PGS1 + NDUFAF7-siRNA-2 cell lines followed by immunodetection of NDUFAF7 and the complex I structural subunits NDUFS2 and ND1. Immunoblots of MRPS22, MRPS18B and MRPL14 indicate the peaks for the small (28S) and large (39S) mitochondrial ribosomal subunits. ND1 subunit immunoprecipitation in PGS1 and PGS1 knockdown (PGS1 + NDUFAF7-siRNA-2) cell lines followed by mass spectrometry analysis. The relative abundance of indicated tryptic peptides was obtained from the areas of Gaussian ion chromatograms. Where more than one peptide was identified, the mean ratio is shown. target in mitochondria, but rather suggesting a protein target in complex I or its associated assembly factors. The reported interaction of MidA with NDUFS2 in a yeast two-hybrid assay (12) , and the identification of a symmetrically dimethylated arginine residue at residue 85 in mature NDUFS2 (20) clearly suggested this structural subunit as a potential substrate. We observed a nearly 11-fold reduction in the abundance of an NDUFS2 peptide dimethylated at Arg85 in the PGS1 knockdown cell line; however, three other peptides in NDUFS2 were only reduced 5.6-fold. As this analysis was carried out on an anti-ND1 immunoprecipitate, the NDUFS2 peptides that we detected must have been incorporated into the residual holoenzyme complex I (or a subassembly containing ND1). From this, we conclude that NDUFS2 is methylated in an NDUFAF7-dependent fashion after it is incorporated into an early assembly intermediate, and that this modification is necessary for the stability or further assembly of this subcomplex. Consistent with this we detected NDUFAF7 by mass spectrometric analysis of ND1 immunoprecipitates from isolated mitochondria, and we observed that a small fraction of NDUFAF7 co-fractioned on sucrose gradients with subcomplexes containing ND1 and NDUFS2. Studies of MidA also showed that while the majority of MidA forms a soluble dimer, a small amount associates with higher molecular-weight subcomplexes of complex I (12) . A recent study in human osteosarcoma (143B) cells similarly identified NDUFS2 as an NDUFAF7 substrate (14), but did not determine whether the methylation occurred before assembly into the 315 kDa subassembly nucleated by ND1. Additionally, they reported a progressive accumulation of a non-methylated NDUFS2 peptide during a time course knockdown of NDUFAF7 (14) . Their results showed that the steady-state levels of NDUFS2 on immunoblot were not affected by NDUFAF7 knockdown, even though a BN -PAGE analysis showed a marked impairment of the assembly of holocomplex I that was revealed with an anti-NDUFS2 antibody. The results we present here show that knockdown of NDUFAF7 in three different human cell lines, including 143B, resulted in minimal immunodetectable levels of NDUFS2 (Fig. 9) , consistent with our immunoprecipitation results, and with previous experiments in which early complex I assembly factors were depleted (17) . Early complex I assembly defects result in rapid AFGL32-dependent proteolysis of newly synthesized ND1, the subunit that seeds the assembly process, and because other nuclear encoded structural subunits are not stabilized in a membrane bound subcomplex, they are likewise turned over by the quality control proteases. Contrary to results reported in (14), we were not able to find any evidence for the accumulation of non-methylated NDUFS2.
Mitochondrial protein methylation has only been found in bovine NDUFB3, another structural subunit of complex I, but neither the methyltransferase responsible for this methylation, or the functional relevance of it, have been described (20) . Methylation of mitochondrial rRNA and tRNA has been more extensively characterized (21, 22) . In mammals, the mitochondrial transcription factor B1 (TFB1M) and the NOL1/ NOP2/Sun domain family, member 4 (NSUN4) are both rRNA methyltransferases essential for assembly of the mitochondrial ribosome (23, 24) . The recent study by (14) identified 35 putative or known mitochondrial methyltransferases, the majority of which are uncharacterized and have no known function.
While this and a previous study implicate NDUFS2 as the substrate for NDUFAF7, it is entirely possible that it has additional complex I targets. In fact, in silico methylation analysis (25) predicts that the late complex I assembly factors Ecsit and FOXRED1 are potential arginine-methylated substrates; however, our preliminary mass spectrometry analysis of ND1 immunoprecipitates indicate that Ecsit is not methylated. Additional work will be required to assess whether methylation plays an important regulatory role in other factors involved in the complex I assembly pathway. As assembly defects account for nearly half of all cases of autosomal recessive complex I deficiencies, it is likely that patients with mutations in NDUFAF7 will eventually be identified. 9 ) at 3 and 6 days old using specific primers for amplification of NDUFAF7 and the complex I subunit, NDUFA9. (B) Controls (C 5 -8 ) and MO knockdown fish (M 10 -17 ) were analyzed at 3 and 6 days old by BN-PAGE to detect complex I (Co I) and V (Co V) using subunit-specific antibodies, NDUFAF9 and ATPa, respectively. (C) Control ( 1 ) and MO knockdown ( 2 -3 ) fish phenotype at 4 days old.
MATERIALS AND METHODS
Cell culture
Primary cell lines were established from subject skin fibroblasts and immortalized by transduction with a retroviral vector expressing the HPV-16 E7 gene and the catalytic component of human telomerase (26) . The fibroblasts were grown at 378C in an atmosphere of 5% CO 2 in high-glucose Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum.
NDUFAF7 antibody
An antibody against NDUFAF7 was generated by injecting rabbits with a synthetic peptide specific to human NDUFAF7 (GGRYQRNARQSKPF). The peptide was conjugated with the immunogenic carrier keyhole limpet hemocyanin via a reactive sulfhydryl group, and emulsified in Titermax (Pierce Biotechnology Inc.).
Mitochondrial isolation and localization experiments
Fibroblasts were resuspended in ice-cold SET buffer: 250 mM sucrose/10 mM Tris-HCl/1 mM EDTA (pH 7.4) supplemented with complete protease inhibitors (Roche) and homogenized with 10 passes through a prechilled, zero clearance homogenizer (Kimble/Kontes). The homogenized cellular extract was then centrifuged twice for 10 min at 600g to obtain a postnuclear supernatant. Mitochondria were pelleted by centrifugation for 10 min at 10 000g and washed once in the same buffer.
Immunofluorescence analysis was performed using a control cell line overexpressing NDUFAF7-HA. Glass slides were fixed in 4% paraformaldehyde at 50% confluence followed by 1 h incubation with HA and cytochrome c antibodies, which preceded the addition of secondary antibodies coupled with Alexa fluorochromes. Images were obtained with an inverted fluorescent microscope. SET homogenized fibroblasts (Wh) were centrifuged at 600g to separate soluble fraction (cSN) from nuclei/ membranes. A second centrifugation at 10 000g was used to pellet the mitochondrial fraction (Mi). Fractions were analyzed by SDS -PAGE.
Purified mitochondria from control fibroblasts were extracted with 100 mM Na 2 CO 3 (pH 11.5) at 48C for 30 min and centrifuged at 184,000g to separate soluble and membrane fractions. Fractions were analyzed by SDS -PAGE.
NDUFAF7 constructs
cDNA from NDUFAF7 was amplified by One-Step RT-PCR (QIAGEN). The longest transcript of NDUFAF7 (CCDS1788) was cloned into pBABE Puro (27) using the Gateway Cloning Technology (Invitrogen). The accuracy of the clones was verified by DNA sequencing. Direct mutagenesis of NDUFAF7 was done using the site-directed mutagenesis lightning kit (Stratagene). Retroviral constructs were transiently transfected into the Phoenix packaging cell line using the HBS/Ca 3 (PO 4 ) 2 method. Control fibroblasts were infected 48 h later by exposure to viruscontaining medium in the presence of 4 g/ml of polybrene (http:// www.stanford.edu/group/nolan/protocols/pro_helper_dep.html).
RNAi transfection
For the NDUFAF7 knockdown experiments, two different Stealth RNA interference (RNAi) duplex constructs (Invitrogen, Carlsbad, CA, USA) were used; NDUFAF7-siRNA-1: UC AGAGACUUCAAGGUGGAAGAUAU and NDUFAF7-siRNA-2: ACAGCUGAUGUGGACUUCAGUUAUU. Cell lines were transfected twice, at Days 1 and 3 and analyzed at Day 6. Mitochondrial proteases were knocked down for 2 days. The constructs were designed using the BLOCK-iT TM RNAi Express website (http://rnaidesigner.invitrogen.com/rna iexpress/rnaiExpress.jsp?CID=FL-RNAIEXPRESS). Fibroblasts were transfected using the Lipofectamine TM RNAiMAX protocol in Opti-MEM w Reduced Serum Medium. BLOCKiT TM Alexa Fluor w Red Fluorescent Oligo was used to assess the transfection efficiency (transfection performed in parallel with the other Stealth constructs) and as a mock oligo transfection control (all reagents from Invitrogen).
SDS-PAGE immunoblot analysis
Whole-cell extracts were prepared by solubilization of pelleted cells at a 1:5 ratio with extraction buffer (1.5% dodecyl maltoside) for 30 min on ice. The soluble fraction was obtained by centrifugation at 20 000 g for 20 min at 48C. Samples were mixed at a 1:1 ratio with 2× Laemmli sample buffer and solubilized proteins were loaded onto a 12% acrylamide:bisacrylamide (29:1) gel. Subsequent immunoblotting was done with the appropriate antibodies. Antibodies were obtained as follows: MitoSciences: NDUFS2, actin. Abcam: NDUFA9, ATPa, COX2, COX4, COX1, core I, SDHA. Sigma: porin and MRPL14. Proteintech Group: MRPS22 and MRPS18B. Stressgen: cu/ZnSOD. AFG3L2 (kindly provided by T. Langer), LONP1 (kindly provided by C. Suzuki) and ND1 (kindly provided by A. Lombes)
Sucrose density gradients
Mitochondria (500 mg) were lysed in buffer containing 260 mM sucrose, 100 mM KCl, 20 mM MgCl 2 , 10 mM Tris-Cl, pH 7.5, 1% Triton X-100, 5 mM b-mercaptoethanol, supplemented with complete protease inhibitors without EDTA, on ice for 20 min. Lysates were centrifuged for 45 min at 9400g at 48C before loading them on 1 ml of a 10-30% discontinuous sucrose gradient (50 mM Tris-Cl, 100 mM KCl, 10 mM MgCl 2 ). The loaded gradients were centrifuged at 32 000 rpm for 130 min in a Beckman SW60-Ti rotor (Beckman Coulter, Brea, CA, USA). After centrifugation, 14 fractions were collected and analyzed by SDS-PAGE.
BN -PAGE and 2D-SDS immunoblot analysis
Mitoplasts were prepared from fibroblasts, as described previously (28) by treating the cells with 0.8 mg digitonin/mg of protein. Mitoplasts were solubilized with 1% lauryl maltoside, and solubilized protein was used for electrophoresis. BN -PAGE (29) was used to separate the samples in the first dimension on 6 -15% polyacrylamide gradients. For analysis of the second dimension, strips of the first-dimension gel were incubated for 30 min in 1% SDS and 1% b-mercaptoethanol. These strips were then run on a 10% tricine/SDS -PAGE to separate the proteins in the second dimension (29) . Individual structural subunits of complexes I, II, III, IV and V were detected by immunoblot analysis using commercially available monoclonal antibodies (MitoSciences and Abcam), except for complex I, where a polyclonal antibody against subunit ND1 was used.
Pulse labeling of mitochondrial translation products
Labeling of the mitochondrial translation products was performed as previously described (30) . Briefly, cells were labeled for the indicated times at 378C in methionine and cysteine-free DMEM containing 200 mCi/ml [ 35 S]methionine/cysteine and 100 mg/ml emetine, and chased for 10 min in regular DMEM. Protein extraction was done in labeled cells (50 mg) by resuspension in loading buffer containing 93 mM Tris-HCl, pH 6.7, 7.5% glycerol, 1% SDS, 0.25 mg bromophenol blue/ml and 3% mercaptoethanol, sonicated for 5 s, loaded and run on 15-20% polyacrylamide gradient gels. The labeled mitochondrial translation products were detected by direct autoradiography on a Phosphorimager. Quantitative analysis was done using the ImageQuant 5.2 software.
RNA blot analysis
RNA was isolated from NDUFAF7-siRNA-2 and control fibroblasts using the RNeasy Kit (Qiagen). Ten micrograms of total RNA were separated on a denaturing MOPS/formaldehyde agarose gel and transferred to a nylon membrane. ND1, ND5, ND6, COX1, ATP6/8 and 16S probes were labeled with [-32 P]-dCTP (GE Healthcare) using the MegaPrime DNA-labeling kit (GE Healthcare). Hybridization was conducted according to the manufacturer's protocol using ExpressHyb Hybridization Solution (Clontech), and the radioactive signal was detected using the Phosphorimager system.
Immunoprecipitation experiments and mass spectrometry analysis
Purified mitochondria were cross linked with DSG (Disuccinimidyl glutarate) for 1.5 h on ice prior to protein extraction. Two milligrams of mitochondrial protein were extracted on ice from control (PGS1) and knockdown (PGS1 + NDUFAF7-siRNA-2) cell lines in 500 ml of extraction buffer (50 mM HEPES buffer, pH 7.6, 150 mM NaCl, 1% taurodeoxycholate), supplemented with complete protease inhibitors (Roche), for 45 min. The protein extract was centrifuged at 25 000g at 48C, for 40 min, and the supernatant was used to immunoprecipitate ND1. Immunoprecipitation was performed on magnetic Dynabeads (Life Technologies) according to the manufacturer's instructions. The incubation of the protein extract with the beads was carried out overnight at 48C. Bound protein was eluted with 400 mL of 0.1 M glycine (pH 2.5) with 0.5% DDM at 458C followed by TCA precipitation. Elutions were analyzed by mass spectrometry (LTQ Orbitrap Velos (ThermoFisher Scientific, Bremen, Germany) after tryptic digestion. Proteins were identified from peptide mass and fragmentation data by interrogation of NCBInr protein database (version July 18, 2012) using Mascot 2.3 (Matrix Science). Mono, di-and tri-methylation of arginine were allowed as variable modifications, while carbamidomethylation was set as a fixed modification. The relative abundance of indicated peptides was estimated from the area of reconstructed ion chromatograms obtained with Qual Browser (Xcalibur, Thermo Fisher Scientific) using an m/z tolerance of 7 ppm.
NDUFAF7 knockout mice generation and genotyping
A NDUFAF7 germline knockout mice was generated by the gene trapping method with the auspices of The International Gene Trap Consortium (IGTC). DNA was purified from mice tails tissue using lysis buffer containing 100 mM Tris -Cl (pH 8.5), 5 mM EDTA, 0.2% SDS, 200 mM NaCl and 0.4 mg/ml of proteinase K. Tails were incubated at 558C in lysis buffer. Fifty microlitres of 5 M potassium acetate (pH 4.8) was added 24 h after and solubilized tissue was spun at 48C for 5 min at 14 000 rpm. Supernatants were decanted and mixed with 100% isopropyl alcohol. Samples were spun for 10 min at 14 000 rpm, pellets were washed with 70% ethanol followed by a final centrifugation for 10 min at 10 000 rpm. Pellets were air dried and resolubilized in water. Genotyping was done by multiplex PCR. Three primers were designed: WT-F: CACTCTC TGCCTCCAACTTATG, WT-R: CCCATCTACGATCACTT TCTTCAGC and MT-F: TTCCATCTGTTCCTGACCTTG. The wild-type allele was detected as a band of 815 bp, while the mutant allele generates a fragment of 428 bp.
Blastocyts were flushed from oviducts at embryonic Day 3.5 using M2 (EMD Millipore) buffer as described (31) . For genotyping purposes, blastocysts were solubilized in lysis buffer containing: 20 mM Tris (pH 8), 100 mM KCl, 4 mM MgCl 2 , 0.9% Nonidet P-40, 0.9% Triton X-100 and 300 ng/mL of proteinase K.
Embryos were chirurgically removed from oviducts at embryonic Day 10.5 as described elsewhere (32) . DNA was extracted from mouse tails as described above.
Zebrafish maintenance
Wild-type adult zebrafish were maintained on a 14/10 h lightdark cycle at 28.58C under standard laboratory conditions (33) . Embryos were allowed to develop in an incubator at 28.58C for 72 or 144 h (34) and were then frozen in liquid nitrogen.
Morpholino knockdown
A MO targeting the zebrafish NDUFAF7 gene (ATTATTTG-GATTACTTACCCTCAGG) was designed by Gene Tools (http://www.gene-tools.com/). The MO was resuspended in sterile water, and 0.04% xylene cyanol was added for injection visualization purposes. Approximately 10 hl of a 1 mM solution were injected in zebrafish embryos at the 1-or 2-cell stage. After being injected, the eggs were kept in embryo water (5.03 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 . 2H 2 O, 0.33 mM MgSO 4 . 7H 2 O and 0.1% methylene blue.
Zebrafish RNA extraction, DNA amplification and protein extraction RNA was extracted from injected and non-injected single fish at 72 h postfertilization using the RNeasy Plus Kit (Qiagen). One-Step RT-PCR kit (Qiagen) was used to generate cDNAs in order to test for the gene knockdown, with primers designed specifically for NDUFAF7 and for complex I NDUFA9 subunit, as a control. Individual fish were extracted in 1.5% dodecylmaltoside in MB2 buffer (0.75 M amino caproic acid, 1.075 M bis -tris, 2 mM EDTA) for BN -PAGE analysis as described above.
